Abstract Viral haemorrhagic septicaemia virus (VHSV) is one of the major threats to the development of the aquaculture industry worldwide. The present study was aimed to identify genes differentially expressed in several turbot (Scophthalmus maximus) families showing different mortality rates after VHSV. The expression analysis was conducted through genome-wide expression profiling with an oligo-microarray in the head kidney. A significant proportion of the variation in the gene expression profiles seemed to be explained by the genetic background, indicating that the mechanisms by which particular species and/or populations can resist a pathogen(s) are complex and multifactorial. Before the experimental infections, fish from resistant families (low mortality rates after VHSV infection) showed high expression of different antimicrobial peptides, suggesting that their pre-immune state may be stronger than fish of susceptible families (high mortality rates after VHSV infection). After infection, fish from both high-and low-mortality families showed an up-modulation of the interferon-induced Mx2 gene, the IL-8 gene and the VHSV-induced protein 5 gene compared with control groups. Low levels of several molecules secreted in the mucus were observed in highmortality families, but different genes involved in viral entrance into target cells were down-regulated in lowmortality families. Moreover, these families also showed a strong down-modulation of marker genes related to VHSV target organs, including biochemical markers of renal dysfunction and myocardial injury. In general, the expression of different genes involved in the metabolism of sugars, lipids and proteins were decreased in both low-and high-mortality families after infection. The present study serves as an initial screen for genes of interest and provides an extensive overview of the genetic basis underlying the differences between families that are resistant or susceptible to VHSV infection.
Introduction
Viral haemorrhagic septicaemia virus (VHSV) is one of the most serious pathogens of finfish worldwide in terms of its wide host range, pathogenicity, disease course and mortality rate (Smail 1999) . VHSV is thus one of the main threats to the development of the aquaculture industry worldwide. In general, this virus causes severe necrosis in the haematopoietic tissues of affected fish (Yasutake 1975) . Although VHSV has historically been considered a disease of farmed rainbow trout (Oncorhynchus mykiss) in continental Europe, the host range appears to be broad, and several marine fish species have now been reported to carry VHSV, including turbot (Scophthalmus maximus) (Ross et al. 1994; Schlotfeldt et al. 1991) . In fact, Tafalla et al. (1998) reported that VHSV is able to replicate in turbot blood leukocytes and kidney macrophages.
Although there have been several attempts to develop traditional vaccines against viral diseases based on inactivated or attenuated viruses, the protective effect of these vaccines has been limited or inconsistent (Lorenzen and Olensen 1997; Winton 1997) . The most efficient vaccines against VHSV to date have been DNA vaccines using the P. Díaz-Rosales and A. Romero contributed equally to this work.
Electronic supplementary material The online version of this article (doi:10.1007/s10126-012-9465-0) contains supplementary material, which is available to authorized users. viral G glycoprotein (Lorenzen et al. 2001 (Lorenzen et al. , 2002a (Lorenzen et al. , b, 2005 . However, many consumers do not understand the difference between DNA-vaccinated animals and a genetically modified organism, and the use of DNA vaccines is still problematic for fish farmers. Therefore, a better understanding of the host immune response is required to develop a more efficient means of VHSV prevention and treatment.
Improving infectious disease resistance by genetic means is an attractive alternative approach because of its prospects for prolonged, sustained protection. There are several strong indications that genetic traits are involved in the resistance of rainbow trout (O. mykiss) against VHSV (Jørgensen et al. 2011) . Using gynogenesis, it has been possible to obtain highly resistant families of trout after only two generations (Dorson et al. 1995; Slierendrecht et al. 1995) . The finding that only a few generations seem to be required to obtain highly resistant or highly susceptible families of offspring may further indicate that only a few genes play a major role. However, the underlying mechanisms of the observed resistance differences are not known, and only a limited number of studies have investigated this topic to date. Attempts to identify the mechanism of resistance against VHSV have focused on allelic variations of the complement component C3 and MHC between resistant and susceptible families of rainbow trout, but these attempts have not been successful (Slierendrecht et al. 1996 (Slierendrecht et al. , 2001 ). Moreover, a genome-wide analysis of families of trout with different susceptibility to VHSV has recently been published (Jørgensen et al. 2011) . However, the basis of this genetically determined VHS resistance has yet to be elucidated. A global understanding of the changes in the expression of host cell genes after viral infection should improve our understanding of the virus/host cell interactions.
Despite the great number of reports in which microarrays have been used to study complex biological mechanisms in fish at the genomic level, few studies have focused on global gene expression in immune cells after VHSV challenge. Only two fish species, the Japanese flounder (Paralichthys olivaceus) (Aoki et al. 2011; Byon et al. 2005 Byon et al. , 2006 and the zebrafish (Danio rerio) (Encinas et al. 2010) , have been studied in this manner.
The present study aimed to identify genes that are differentially expressed in low-and high-mortality families of turbot during VHSV infection by genome-wide expression profiling with microarrays. This characterization could identify genes that constitute relevant VHSV resistance markers and help prioritize candidates of interest for further functional and genetic (e.g. searches for quantitative trait loci) studies. To our knowledge, this is the first report on the global transcriptional response to VHSV infection in turbot.
Materials and Methods

Cell Culture and Virus
The epithelioma papulosum cyprinid (EPC) fish cell line, derived from common carp (Cyprinus carpio L.) (Tomasec and Fijan 1971) , was obtained from the European collection of cell cultures (ECACC no. 93120820) and used in this work. EPC cells were maintained at 20°C in Eagle's minimum essential medium (MEM; Invitrogen, GIBCO) containing 10 % foetal bovine serum (FBS; Invitrogen, GIBCO), penicillin (100 IU/ml) (Invitrogen, GIBCO) and streptomycin (100 μg/ml) (Invitrogen, GIBCO), buffered with 7.5 % sodium bicarbonate (Invitrogen, GIBCO).
VHSV strain UK 860-94, isolated from turbot in Scotland (S. maximus) (Ross et al. 1994) , was used for the experimental infections. The virus was replicated in EPCs grown in MEM with antibiotics and 2 % FBS at 14°C. When the cytopathic effect became extensive, the supernatant was harvested and centrifuged to eliminate cell debris. Clarified supernatants were then used for subsequent experiments. The virus stock was titrated in 96-well plates according to Reed and Müench (1938) .
Fish
Six different families of turbot (S. maximus) were obtained from a commercial fish farm (Stolt Sea Farm S.A.) in Spain. A total of 120 juvenile fish (3 g mean) per family were stocked in 400 l tanks. Fish were acclimatized to laboratory conditions for 2 wk prior to the experiments. No clinical signs were ever observed during this period. Fish were maintained at 16.5 (±2)°C with aeration and fed daily with commercial dry pellet food (Skretting).
Experimental Infections
Fish from each of the six families were divided into four groups containing 50 l of static UV-treated seawater. The fish were lightly anaesthetised with 0.15 gl −1 of tricaine methanesulfonate (MS-222) (Argent Chemical Laboratories, Redmond, WA, USA) and infected by intraperitoneal injection with 100 μl of VHSV solution (10 6 TCID 50 g −1 )
(two groups of n030). Control groups were injected with the same volume of culture medium (two groups of n030). The mortalities were monitored for 30 d post-infection (p.i.). Surviving fish (considered "resistant") and control fish (considered "naive") from each family were again divided into two groups and re-challenged with the same viral solution or treated with culture medium. Twenty-four hours after the second injection, five fish from each treatment and family were sacrificed, and the head kidneys were removed (Fig. 1a) . Thus, samples from 24 h p.i. represent the naive infected group (NI); those from 30 days p.i. correspond to the resistant control group (RC), and the resistant-infected group (RI) is represented by survivor fish re-challenged with the same viral solution. The naive control group (NC) serves as the control for each sampling point (Fig. 1b) . Fish care, viral infections and fish sampling were conducted in accordance with the guidelines of the CSIC National Committee on Bioethics.
RNA Extraction and Reverse Transcription
Turbot kidneys were collected in TRIzol reagent (Invitrogen) and stored at −80°C until use. Total RNA was extracted following the manufacturer's instructions, and RNA was purified using the RNeasy mini kit (Qiagen) after DNase I treatment to remove genomic DNA (RNase-free DNase set, Qiagen). The purified RNAs were quantified using a Nanodrop ND-1000 (Thermo Scientific). To generate cDNA, RNAs from five fish were pooled (2 μg of RNA per fish). Reverse transcription was performed with SuperScript III First-Strand Synthesis SuperMix for qRT-PCR (Invitrogen).
Microarray Analysis
An 8×15K S. maximus Oligo Array v 2.0 was used (AMA-DID 24698) (Millán et al. 2010; Hagenaars et al. 2011) . In brief, this array contains 60-mers from 4,305 genes, each represented at least three times. A total of 16 microarray-8× 15K slides were hybridized. RNAs from five fish per group were pooled, and their quality was assessed with a 2100 bioanalyser (Agilent) before microarray analysis. RNA labelling (2 μg at~50 μg/ml) and hybridization were conducted with the University of Santiago de Compostela microarray platform using Agilent one-color Gene Expression Analysis, as described previously (Millán et al. 2010) , in compliance with Minimum Information about a Microarray Experiment (MIAME) standards (Brazma et al. 2001) . Signal was captured, processed and segmented using an Agilent scanner (G2565B, Agilent Technologies) by the Agilent Feature Extraction Software (v9.5) with protocol GE1-v5_95, extended dynamic range and preprocessing by the Agilent Feature Extraction v9.5.5.1. Fluorescence intensity data and quality annotations were imported into GeneSpring GX version 11.0.2 (Agilent Technologies). All control features (positive, negative, landing lights, etc.) were excluded from subsequent analyses. Prior to normalization, all intensity values lower than 1 were set to 1.0; data were normalized by percentile shifts at the 75th percentile and were filtered both by flags and by expression between the 20 and 100th percentile in the raw data.
To assess differential gene expression, the normalized log intensity ratios were analysed with a three-way ANOVA and Student's t tests. The three-way ANOVA was performed in order to explore the effects of family genetic background and the response and resistance to a viral infection on the gene expression profiles (P<0.05 and fold-change ratios ≥2). Student's t tests were performed to identify genes that were differentially expressed between high-and lowmortality families (P<0.05 and fold-change ratios ≥2) using two or four biological replicates. The data presented in this publication and the MIAME-compliant information have been deposited in the NCBI's Gene Expression Omnibus and are accessible under the accession number GSE35804.
Gene Expression Analysis by Quantitative Real-Rime PCR A group of genes was selected for RT-qPCR expression analysis to validate the results of the microarray analysis. Amplification was performed using specific primers, which were designed using Primer3 software (Rozen and Skaletsky 2000) according to known qPCR restrictions (amplicon size, T m difference between primers, GC content and self-dime or cross-dimer formation). The selected genes and primer sequences are shown in Table 1 . Primer efficiency was validated with seven serial five-fold dilutions of cDNA and calculated from the slope of the regression line of C t versus the relative concentration of cDNA (Pfaffl 2001) . A melting curve analysis was performed to verify that no primer dimmers were amplified.
Quantitative PCR assays were performed using a 7300 Real Time PCR System (Applied Biosystems). In a final volume of 25 μl, 1 μl of 5-fold diluted cDNA template was Fig. 1 Design of the experimental infections for microarray analysis (a) and to analyse the fish immune response to the viral infection process over time (b) mixed with 0.5 μl of each primer (10 μM) and 12.5 μl of SYBR green PCR master mix (Applied Biosystems). Amplification was performed under standard cycling conditions of 95°C for 10 min followed by 40 cycles of 95°C for 15 s and 60°C for 1 min. Three technical replicates were performed in each sample.
Relative gene expression levels were calculated as described by Pfaffl (2001) , using elongation factor 1-α as housekeeping gene that was expressed constitutively (i.e., not affected by the treatment). Fold-change units were calculated by dividing the normalized expression values in infected tissues by the normalized expression values in the controls.
Results
Mortality
The results obtained in the experimental infections showed differences in susceptibility to VHSV between the six turbot families. Meanwhile, families 1 and 4 presented very low mortality rates at 30 d p.i. (3.3 %±4.6 in both families), with families 2 and 3 showing the highest cumulative mortalities (56.5 %±23.3 and 46.6 %±18.8, respectively). Families 5 and 6 had intermediate susceptibility to viral infection, reaching mortality values of 26.6 % (± 9.4) and 9.9 % (± 4.7), respectively, at the end of the experiment (Fig. 2) . Moreover, moribund and dead fish from families 2 and 3 showed external clinical signs of infection, such as haemorrhage at the base of the fins and around the eye orbit and mouth, as well as internal haemorrhage in the liver, in adipose tissue and within the muscle. No external clinical signs of infection were detected in low-mortality families (1 and 4). Thus, we chose to further study the transcriptome profile after VHSV infection in four families: two high-mortality families (families 2 and 3) and two low-mortality families (families 1 and 4).
Overview of Transcriptome Analysis
Multiple statistical comparisons were performed using a three-way ANOVA in the four selected families in order to explore the effects of family genetic background (factor "Family"), the response to a viral infection at 24 h p.i. (factor "Infection") and previous contact with the virus (factor "Resistance"), as well as the interactions among these factors on gene expression profile. The three-way ANOVA was performed to compare gene expression in niave-infected (NI or fish treated once with VHSV), resistant controls (RC; i.e., fish treated once with VHSVand sampled 30 days p.i.) and resistant-infected (RI; i.e., survivor fish that were re-challenged with the same viral solution) groups to the expression in the naive controls group (NC) within each family.
Two different comparisons were performed by Student's t test analyses considering families with similar mortality rates to be biological replicates. In the first analysis, the values obtained for each treatment group (NC, NI, RC and RI) of the high-mortality families were compared with those obtained in the same treatment group of the low-mortality families. These comparisons identified genes that were differentially expressed between high-and low-mortality families before infection (NC groups), at 24 h p.i. (NI groups), at 30 d p.i. (RC groups) and at 24 h after a re-challenge (RI groups).
Student's t tests were also used to compare gene expression in the different treatment groups within the same families. In this context, the NI vs. NC and RC vs. NC comparisons were used to identify genes that were differentially expressed at 24 h and 30 d after one exposure to the virus, respectively. The genes involved in resistance to the Mx2-F CTG CCA GAT GCT TCA GGA TA Mx2-R TGC AAC CAA TGT CCA AGT TC Elongation factor 1-α EF1a-F GGAGGCCAGCTCAAAGATGG EF1a-R ACAGTTCCAATACCGCCGATTT viral infection (RI vs. NI) as well as the genes that were stimulated 24 h after a second viral exposure (RI vs. RC) were also analysed.
Three-Way ANOVA
The results of the three-way ANOVA analysis determined that the factor "Family" was involved in the greatest number of gene expression differences (Fig. 3) . This factor was able to explain the modulation of 45.54 % (261 out of 573 genes) of all differentially expressed genes. The combinations "Family-Resistance" and "Family-Infection" explained 9.59 and 8.9 % of the changes, respectively. Thus, genetic background alone and in combination with the other factors was involved in the regulation of 70.33 % (403 genes) of the differentially expressed genes (Fig. 3) . Meanwhile, the factor "Infection" explained the differences in expression in 80 genes (13.96 %), and the factor "Resistance" was only involved in 11.86 % of the changes (68 genes). Only 36 genes (6.28 %) were affected by the combination of these three factors (Fig. 3) . Only annotated genes were taken into account in the data analysis because most of these modulated genes were not homologous to any genes in public databases. Moreover, genes with similar and consistent behaviour in both high-and low-mortality families and showing a fold-change ratio ≥2 were described. Although the factor "Family" was associated with the greatest number of differences in the transcriptome, only 19 of these genes were homologous to known sequences (7.27 %), and most of them were related to metabolic processes (Supplementary Table 1 ). Only two genes showed different behaviour between high-and low-mortality families. The UTP-glucose-1-phosphate uridylyltransferase and the secreted trypsin-like serine protease were always significantly down-modulated in resistant families (1 and 4) ( Table 2) .
Only 14 of the 80 genes that were regulated by the factor "Infection" (17.5 %) had homology to sequences that have been described in databases (Supplementary Table 1 ). Six of these were significantly down-modulated after infection in low-mortality families (1 and 4). Viral infection significantly reduced the expression of the 60 S ribosomal protein L21, a sex hormone-binding globulin, an aldo/keto reductase, a SPRY domain-containing protein, complement component C9 and an antimicrobial peptide precursor (Table 2) . Meanwhile, the interferon-induced protein Mx2 was up-modulated by infection in both low-and high-mortality families (Table 2) .
Only ten of the 68 genes (14 %) associated with the factor "Resistance" had previously been annotated in databases (Supplementary Table 1 ). Cathepsin L.1 and the interleukin-8 precursor were up-modulated in both RC and RI groups within the low-mortality families (1 and 4). Moreover, the antitrypsin-α1 gene was highly down-modulated in the same families (Table 2) .
Only one gene was linked to the interaction of the "Family" and "Infection" factors. In this analysis, the complement Only genes with homology to any known sequence in public databases and showing similar and consistent behaviour between low-and high-mortality families (LM and HM, respectively) are presented. Fold-change ratios lower than two are not represented component C8γ was down-regulated in the RC groups within families 1 and 4 ( Table 2 ). The interaction of "Family" and "Resistance" factors did not significantly modify the expression of any gene in low-mortality families compared to high-mortality families (Supplementary Table 1) . As expected, the interaction between the factors "Infection" and "Resistance" induced a large number of changes in the transcriptome. Approximately 60 % of the modulated genes (13 out of 22 genes) showed homology to known sequences, and 11 genes were modulated differently in high-and lowmortality families ( Table 2 ). All of the genes were downmodulated by infection in the different groups within each family (NI, RC and RI groups). The expression levels registered in low-mortality families (1 and 4) were significantly much lower than those obtained in high-mortality ones (Table 2) .
Finally, the genes regulated by the interaction of the three factors ("Family", "Infection" and "Resistance") were mostly related to metabolism (Supplementary Table 1 ). Only 12 out of 36 genes (33.3 %) showed homology to known sequences, and only three genes behaved differently between high-and lowmortality families. The hepcidin gene, a trypsin-like serine protease and a notch homolog protein 2-like gene were downmodulated after infection in low-mortality families only (Table 2) . Importantly, the up-modulation of virus-induced protein 5 was observed in all families, as was expected (Table 2 ).
Student's t Test Analysis
A large amount of information was obtained in all the different comparisons conducted with the Student's t tests. The first analysis provided information on genes that were differentially expressed between high-and low-mortality families (Table 3) . When not infected (NC groups), the low-mortality families showed higher basal expression of different antimicrobial peptides (2-to 5.9-fold change) than did high-mortality families (Table 3) . High-mortality families showed lower expression levels of a sodium/hydrogen exchanger protein gene (2.06 times lower), the complement component C8 gene (2.63 times lower) and the butyrophilin member A1 precursor gene (4.73 times lower) ( Table 3 ). The differences in gene expression between low-and highmortality families at 24 h after viral infection were analysed (NI groups). Interestingly, while the low-mortality families exhibited up-modulation of several genes (selectin P, 5-aminolevulinate synthase and arrestin domain-containing protein 2), the high-mortality families exhibited a strong down-modulation of the lily-type lectin gene (21.99 times lower than low-mortality families), an alcohol dehydrogenase gene (10.77 times lower) and a myeloid-associated differentiation marker gene (6.86 times lower) (Table 3 ) and a weak down-regulation of other genes (prostasin-like gene, the factor B/C2B gene and the apomucin gene) (Table 3) . Among the genes that were differentially expressed 30 d after viral infection (RC groups), low-mortality families showed a significant up-modulation of cathepsin L.1 and ribonuclease T (3.09-and 2.96-fold increase, respectively (Table 3) ). Highmortality families still exhibited a down-modulation of the complement component C8 gene (4.94 times lower), the lilytype lectin gene (4.63 times lower), the prostasin-like gene (2.7 times lower) and the apomucin gene (2.74 times lower). Moreover, two genes related to lipid metabolism were downregulated (7-dehydrocholesterol reductase gene and the HRAS-like suppressor 2 gene) ( Table 3 ). No differences in the gene expression profiles were registered between the surviving fish from high-and low-mortality families 24 h after the second viral infection (RI groups).
The second analysis provided information on genes that were differentially expressed at 24 h and 30 days p.i. (NI vs. NC and RC vs. NC, respectively), genes related to resistance (RI vs. NI) and genes that were stimulated after a second viral exposure (RI vs. RC) within either the susceptible or the resistant families (Table 4) . Twenty-four hours after infection (NI vs. NC), a general down-regulation of gene expression was observed in all families (Table 4) . While the changes registered in the high-mortality families ranged between 2.03 to 4.00 (fold-decrease), a much stronger down-modulation was observed in low-mortality families (ranging from 5.03 to 53.09 times lower). Low-mortality families showed the highest down-modulation of antimicrobial peptides (53.09 times lower than controls), several complement components (38.21 times lower) and the perforin gene (32.65 times lower). Moreover, other important genes were highly down-modulated, such as the warm temperature acclimation-related 65-kDa protein (WAP65) (30.37 times lower), the tributyltin binding protein type 1 (29.43 times lower) and the Ca 2+ dependent complex C1R/ C1S (17.60 times lower) (Table 4) . High-mortality families showed an up-modulation of factor B/C2B (2.66 times) but a generally low down-modulation of several genes involved in different metabolic pathways (prosaposin, 2-hydroxyacylCoA lyase 1, aminotransferases, dehydrogenases and a Na + / K + ATPase) and in the maintenance of the ionic balance (two pore segment channel 1, solute carrier family 25 member 42 and a Na + /H + exchanger isoform 3) (Table 4 ). Thirty d after infection (RC vs. NC), a significant downmodulation of the tropomyosin and troponin genes (20.43 and 11.65 times lower, respectively) and other genes such as the cytochrome P450 (3.11 times lower) was observed in the low-mortality families. At this time, high-mortality families showed a significant up-modulation of matrix metallopeptidase 13 (2.27 times) and an inhibition of the apolipoprotein E1 (2.27 times lower) (Table 4) . Genes related to resistance were identified by comparing the RI vs. NI datasets. In this situation, the low-mortality families showed an up-modulation of a myeloid-associated differentiation marker (3.79 times) and a general inhibition of apolipoprotein A1, tributyltin-binding protein type 2, an aldoketo reductase and the WAP65. High-mortality families showed an up-modulation of two-pore segment channel 1, the probable mitochondrial protein COQ10 and proline dehydrogenase 2. The expression of complement component C9 was also inhibited (2.22 times lower) (Table 4) . Differential expression after a second viral infection (RI vs. RC) included an upregulation of Mx2 and virus-induced protein 5 (3.42 and 3.13 times) in high-mortality families and a down-modulation of coagulation factors (2.77 times lower) in low-mortality families (Table 3) .
Validation of Array Results by Quantitative Real-Rime PCR
Real-time PCR analysis was performed to confirm the microarray data (Fig. 4) . The expression levels of five selected genes (an antimicrobial peptide, complement component C8 γ-chain, hepcidin, Mx2 and the WAP65) were measured and normalized to the expression of EF-1α, which was found to be expressed constitutively in microarray analyses. The microarray data were confirmed by real-time PCR for all genes, with the obtained expression patterns showing the same directions of response in both methodologies (Fig. 4) .
Discussion
In order to search for molecular markers linked to resistance in different families of turbot and to explore systemic gene response after VHSV infection, we performed a transcriptional analysis in low-and high-mortality families after infection. Although the effects of VHSV infection on the modulation of several immune functions and some immune- related genes have been described in different fish species including turbot (Abollo et al. 2005; Encinas et al. 2010; Jørgensen et al. 2011; Novoa et al. 2010; Tafalla et al. , 2005 , the effect of the progression of VHS disease on the global gene expression profiles of resistant and susceptible fish families remains unknown. Only one recent publication has explored the importance of several key innate immune-related genes in the increased survival observed in different families of infected rainbow trout (O. mykiss) (Jørgensen et al. 2011) . As reviewed by Douglas (2006) , oligonucleotide microarrays have been developed for several fish species, such as zebrafish, salmonids including the rainbow trout and the Atlantic salmon, catfish, seabream and flatfish including turbot, sole and the Japanese flounder (Aoki et al. 2011; Byon et al. 2005 Byon et al. , 2006 Cerdà et al. 2010; Douglas et al. 2007; Kurobe et al. 2005; Millán et al. 2010; Osuna-Jiménez et al. 2009; Park et al. 2009 ). There are few well-annotated and curated flatfish EST and protein sequences available in public databases; this is one reason why a significant percentage of the genes identified in our analyses show no homology to known sequences deposited in databases. This lack of information presents a major challenge for transcriptomic analysis. To understand the importance of the differentially expressed genes obtained through our microarray analysis of natural resistance to a VHSV infection, an overview of all the changes in gene expression determined by different statistical approaches were correlated with different stages of the viral disease.
In this work, infection with a turbot VHSV isolate revealed a differential susceptibility to the disease between the six families of turbot. The high levels of cumulative mortality registered in four out of six families were similar to those described previously Castric and de Kinkelin 1984; King et al. 2001; Snow and Smail 1999) . Moreover, diseased turbot displayed external clinical signs of VHSV infection and internal lesions (Castric and de Kinkelin 1984; King et al. 2001; Ross et al. 1994; Smail 1999) . We classified families 1 and 4 as "low-mortality" and families 2 and 3 as "high-mortality". Moreover, the observed modulation of different gene expression was consistent with the development of the disease. The upmodulation of the interferon-induced Mx2 gene, the IL-8 gene and the VHSV-induced protein 5 gene in the infected groups (NI and RI groups) in both high-and low-mortality families suggested a response similar to that observed in other fish species. Jørgensen et al. (2011) reported a similar up-modulation of these genes in infected trout. The importance of the Mx proteins in resistance against DNA and RNA viruses has been clearly described (Haller et al. 2007) . Moreover, the up-modulation of Mx2, IL-8 and VHSV-induced protein 5 after viral infection was already been reported in different fish species (Abollo et al. 2005; Fernandez-Trujillo et al. 2008; O'Farrell et al. 2002; Park et al. 2009; Tafalla et al. 2005; Workenhe et al. 2009 ). Interestingly, low-mortality families also showed a significant down-regulation of cytochrome P450 expression at 30 d after infection (RC group), suggesting that VHSV could be present inside the fish at this time; previous studies have reported that cytochrome P450 is permanently downregulated in humans during viral and bacterial infections (Armstrong and Renton 1994; Bleau et al. 2001; Morgan 1997) .
Our three-way ANOVA analysis showed that the factor "Family" (i.e. genetic background) explained the greatest number of variations in the gene expression profiles, highlighting the importance of the genetic background in the response to viral infection and in the degree of resistance or susceptibility of the different families of turbot. This largescale screen of changes in mRNA expression revealed different patterns in high-and low-mortality families before and during viral infection. Similar observations in infected rainbow trout (O. mykiss) were reported by Jørgensen et al. (2011) . Before the experimental infection, fish from lowmortality families showed a high expression of different antimicrobial peptides, suggesting a pre-immune state higher than that of high-mortality families, which could lead to a faster and stronger immune response after the first viral infection. The opposite situation was observed in highmortality families, where low levels of complement component C8 and other cellular receptors (butyrophilin A1 precursor gene) could be associated with a higher susceptibility to viral infection, as has been previously described in humans (Botto et al. 2009; Cooper and Nemerow 1989; Jasin 1977; Pickering et al. 2008) .
The basements of the fins and the gills are the main sites of VHSV entry in bath infections (Smail 1999) . Mucosal secretion protects the fish against bacterial and viral aggression through different specific and non-specific immune substances on the fins, skin and other body surfaces (Palaksha et al. 2008; Salinas et al. 2011; Shephard 1994; St Louis-Cormier et al. 1984) . Several mucins, prostasin proteins and lectins play an important role in limiting infectious disease (Linden et al. 2008) . Interestingly, low levels of several components of the mucus, such as apomucins, a prostasin-like protein and a lily-type lectin, were registered in high-mortality families of turbot. Moreover, the keratin protein that is a major component of the fins (Saraswat and Ram 1970) and protects the fish by providing a barrier against viruses (Friedman 2006) was also down-regulated in high-mortality families.
Interestingly, a down-regulation of different genes involved in the entrance of the virus into target cells was observed in low-mortality families after infection. High levels of a secreted trypsin-like serine protease have recently been shown to improve the entrance of a pseudorabies virus within the target cells (Glorieux et al. 2011) . Some members of the lipocalin family, such as apolipoproteins and the scavenger receptor cysteine-rich-domain-containing protein, are also essential for virus infectivity (Hill et al. 2007; Hishiki et al. 2010; Owen et al. 2009 ). Park et al. (2009) also reported an increase in apolipoprotein A1 after a nodavirus infection in trout. In this context, the low expression levels of all these genes in low-mortality families could be an advantage, preventing the spread of the viral infection within the fish.
The high-and low-mortality families also showed different gene expression profiles after VHSV infection. The lowmortality families showed a strong down-regulation of antimicrobial peptides (including the hepcidin gene), perforins (up to 53.09 and 32.65 times lower, respectively) and several components of the complement pathway. Although antimicrobial peptides have been described to possess antiviral activity in fish (Chia et al. 2010; Falco et al. 2009; Pasupuleti et al. 2011; Rajanbabu and Chen 2011; Wang et al. 2010; Zhou et al. 2011) , it is possible that low-mortality families down-modulated these genes in favour of the expression of other genes that are important to maintain the minimal physiological functions that ensure fish survival.
The anterior kidney is the most important target organ of rhabdoviral infection (Smail 1999) , and infection induces extensive haemorrhages, apoptosis and necrosis in the haematopoietic tissue as well as in the renal tubules and glomeruli (Amend and Smith 1975) . Normal kidney function is lost during infection, and the physiological dysfunction of the renal elements disrupts electrolyte balance and plasma pH. Moreover, the destruction of haematopoietic tissue also induces changes in the composition of cellular components of the blood (Amend and Smith 1974; Watson et al. 1956 ). The ultimate cause of death is usually acute kidney failure and loss of osmoregulation. The expression of several proteins has been used to assess renal function and monitor the course of progression of renal diseases in humans. Among them, levels of retinol-binding protein (Ayatse 1991) , microglobulin (Miyata et al. 1998; Narisawa et al. 1998; PlessMulloli et al. 1998) , the tributyltin-binding proteins (Post et al. 2010 ) and the apolipoproteins (Boes et al. 2006 ) have been shown to increase during renal disease. In our experimental infections, the low-mortality families (in contrast to the high-mortality ones) showed a strong down-modulation of these three genes at all sampling points (24 h p.i., 30 d p.i. and 24 h after a second viral exposure), suggesting the maintenance of kidney structure and function. The changes in ion channel gene expression did not show a specific expression pattern, likely because the ion transporters along the nephron are very dynamic and respond quickly to fluctuations in electrolytes (McDonough et al. 2003) . Moreover, the high levels of expression of the myeloid-associated differentiation marker gene in low-mortality families at 30 d p.i. also suggest the normal haematopoietic function of this tissue because VHSV is able to replicate in kidney macrophages (Tafalla et al. 1998) .
A small number of immune-related genes were obtained in our analysis, most probably because the only available oligo-array employed in our analysis was constructed using spleens from Aeromonas salmonicida-challenged fish (Millán et al. 2010) . Fibrinogens are acute phase proteins that are involved in blood coagulation, immune response and inflammation (Baumann and Gauldie 1994) . Previous studies that evaluated fibrinogen levels following viral infections (Byon et al. 2005; Park et al. 2009 ) and after vaccination (Keiser et al. 2009 ) suggested that fibrinogen expression levels are high during systemic inflammatory response (Xie et al. 2009 ). Therefore, fibrinogen expression depends on the time after the viral infection, as well as the virus itself. Our oligo-array indicated that several genes involved in coagulation (fibrinogen α and γ chains and the coagulin factor II) are down-regulated in the lowmortality families, suggesting an alternative role for these components. This extreme down-regulation is possible given that neither external clinical signs nor haemorrhagic lesions were detected in the low-mortality families. Moreover, the low level of fibrinogen could reduce the likelihood of opportunistic bacterial infection because the fibrinogen molecule can act as a receptor for the attachment of bacteria to virus-infected cells (Sanford et al. 1982) . It is important to remember that antimicrobial peptides, complement components and other related antibacterial genes were inhibited in low-mortality families. The WAP65 was highly down-regulated in the low-mortality families (up to 275.46 times lower in family 4). WAP65 plays an important role in the acclimation to warm temperature and in immune response after bacterial and viral infections (Park et al. 2009; Sarropoulou et al. 2010; Sha et al. 2008) . A recent study in ayu (Plecoglossus altivelis) revealed that WAP65 is involved in the activation of the complement system through component C3 (Shi et al. 2011) . A general down-regulation of the complement components was registered in both resistant and susceptible families after VHSV infection. Therefore, our results could suggest a regulation of the complement system by WAP65 in low-mortality families after infection. As described by Shi et al. (2011) , WAP65 might be involved in fighting microbiological infections through the activation of the complement system.
In general, the expressions of different genes involved in the metabolism of sugars, lipids and proteins were decreased in both high-and low-mortality families. Low-mortality families showed a strong down-modulation of several genes related to sugar metabolism, while the high-mortality families showed a less dramatic down-regulation of genes related to lipid metabolism. Although the relationship between glucose and lipid metabolism and viral infection is not clear (Anty et al. 2007; Bernard et al. 1988) , Encinas et al. (2010) reported a general up-regulation of glycolytic enzymes in susceptible zebrafish after VHSV infection. The different result observed here could be the consequence of a combined response between the change in metabolic rates induced by viral infection and the "natural predisposition" of the resistant families to reduce the metabolic rates to inhibit the spread of the disease. The importance of metabolic regulation in the VHSV susceptibility of different families of turbot cannot be well explained, but these observations highlight a dramatic difference in metabolic requirements between the two family groups (high and low mortality).
In summary, the present work confirms that the mechanisms by which particular species and/or populations can resist a pathogen(s) are complex and multifactorial. Taking into account all of the data described in this work, the final consequence of the infection (life or death) will be determined by multiple interactions between genes involved in many non-immune processes to ensure the preservation of essential physiological functions. When the vital functions are ensured, the activity of immune-related genes will be able to address infections in low-mortality families, as was described by Jørgensen et al. (2011) . In this sense, families with a genetic background that improves the maintenance of the kidney, heart and liver function and stimulates genes related to inhibiting viral entrance will have more opportunities to overcome VHSV infection. The present study is an initial screen for genes of interest and provides an extensive description of the genetic basis underlying the differences between turbot families that are resistant or susceptible to VHSV infection.
